We present here a method for in vivo transposon mutagenesis of a methanogenic archaeon, Methanosarcina acetivorans C2A, which because of its independence from host-specific factors may have broad application among many microorganisms. Because there are no known Methanosarcina transposons we modified the mariner transposable element Himar1, originally found in the insect Hematobia irritans, to allow its use in this organism. This element was chosen because, like other mariner elements, its transposition is independent of host factors, requiring only its cognate transposase. Modified mini-Himar1 elements were constructed that carry selectable markers that are functional in Methanosarcina species and that express the Himar1 transposase from known Methanosarcina promoters. These mini-mariner elements transpose at high frequency in M. acetivorans to random sites in the genome. The presence of an Escherichia coli selectable marker and plasmid origin of replication within the mini-mariner elements allows facile cloning of these transposon insertions to identify the mutated gene. In preliminary experiments, we have isolated numerous mini-mariner-induced M. acetivorans mutants, including ones with insertions that confer resistance to toxic analogs and in genes that encode proteins involved in heat shock, nitrogen fixation, and cell-wall structures.
T
he strictly anaerobic, methane-producing Archaea (methanoarchaea) are responsible for virtually all biogenic methane production, which has been estimated at ca. 5 ϫ 10 14 g of methane per year (1) . This methanogenic process is critically important as a key step in the global carbon cycle, and because it results in the production of a significant greenhouse gas. It is also at the center of alternative fuel strategies and plays an important role in both agriculture and the waste treatment industry.
Although the biochemistry of methanogenesis has been studied in considerable detail (reviewed in refs. 2 and 3), our overall knowledge of this intriguing group of organisms remains rudimentary at best. A major factor contributing to our ignorance of methanoarchaeal biology is the lack of methods for genetic analysis of these organisms. This problem has been alleviated somewhat in recent years by the development of genetic tools for use in members of the two distantly related genera, Methanococcus and Methanosarcina. These tools include selectable markers for genetic crosses (4-7), methods for high efficiency transformation (8, 9) , plasmid shuttle vectors (8, 10) , and methods for gene replacement (4, 11, 12) (the latter only in Methanococcus species). Despite these advances there continues to be a need for development of new tools for genetic analysis of methanoarchaea. In particular, we have been interested in developing a method for random, selectable mutagenesis (such as transposon mutagenesis) of the Methanosarcina species.
Most genetic studies of methanoarchaea published to date have involved directed mutagenesis of previously identified genes using gene replacement methods (4, (11) (12) (13) . Although such studies are invaluable for examining the roles of specific genes in specific functions, they are of limited use in identifying new roles for these genes, because one must have a specific trait in mind when testing the phenotypic consequences of mutations in a given gene. For the same reason, directed mutagenesis is also of limited use in identifying the roles of genes of unknown function. Studies of this nature are much more easily accomplished by using a random mutagenesis technique. In these studies, the entire genome is mutagenized in a random fashion, and mutants defective in a specific trait are isolated based on screening or selection for mutants displaying a particular phenotype. Studies using random mutagenesis to identify genes involved in specific functions in methanoarchaea are extremely scarce. We are aware of only two such studies, both in Methanococcus maripaludis. In one study, acetate auxotrophs were identified by screening mutants created by random insertion of nonreplicating plasmids (14) . In the other, a cloned DNA segment was mutagenized in Escherichia coli with a modified transposable element. The transposon-induced mutants then were recombined back onto the M. maripaludis chromosome to identify genes involved in nitrogen fixation (12) . This ''shuttle mutagenesis'' technique demonstrates the utility of transposons in random mutagenesis studies; however, it is limited by the need to clone the target DNA into a suitable host, such as E. coli, before mutagenesis. Thus, the method is subject to cloning biases. Furthermore, multiple lengthy steps are required before the stage where transposon insertions can be screened for a phenotype. A method that would allow in vivo transposon mutagenesis in the organism under study would circumvent both difficulties. Unfortunately, no method for in vivo transposon mutagenesis has been reported for any methanoarchaeon to date.
The ability to tag mutations with known sequence elements or with selectable antibiotic resistance genes has made transposon mutagenesis one of the most powerful techniques in genetics (see for example refs. 15 and 16). Genetic methods involving transposons are widespread in both bacteria and eukaryotes. However, developing transposon systems for in vivo mutagenesis of poorly studied organisms is not a simple task. One of the major difficulties in developing a new system for transposon mutagenesis stems from the observation that most transposons require accessory host factors for efficient transposition. Therefore, most transposons do not transpose well (or at all) in distantly related species that lack proteins with sufficient similarity to the essential host factors (15, 16) . A way around this problem is to use a native transposon; however, this creates additional problems. Elements derived from the organism under study often preferentially insert into resident copies of the transposon via homologous recombination, rather than into novel sites via a transposition mechanism (17) . An additional problem associated with the use of native transposons is the trait of transposition immunity, in which a resident element can suppress transposition of additional incoming elements (15) . These findings suggest that the ideal candidate for use in developing a new transposon tool would be an element from an organism related to the organism under study. Unfortunately, a candidate transposon that fits this criterion is rarely available, particularly for use in less-well characterized systems such as the methanoarchaea.
Recently, a method for development of new transposon tools based on the transposons of the mariner family has emerged that circumvents the problems associated with the use of native elements. The mariner family of transposons, first identified in Drosophila mauritiana, is known to be widespread in nature (18, 19) . A key feature that separates these elements from many other transposons is their independence from species-specific host factors for transposition (20, 21) . Thus, in vitro transposition reactions containing only target DNA, transposon DNA, and purified mariner transposase catalyze cut-and-paste transposition in a very efficient manner. This feature has allowed mariner elements to be used for mutagenesis of a wide variety of non-native organisms, including other insects (22) , zebrafish (23) , protozoa (24) , chickens (25) , and human cells (in culture) (26) . Even more impressive, versions of the element Himar1, originally isolated from the hornfly, Hematobia irritans, that express the transposase gene from appropriate bacterial promoters function in E. coli and Mycobacterium smegmatis (27) . Encouraged by the fact that Himar1 derivatives could transpose in organisms separated by such vast evolutionary distances, we attempted to construct derivatives that might be functional in the methanoarchaeon, Methanosarcina acetivorans. In this study, we report that such derivatives are indeed functional in vivo in M. acetivorans and that they can be used in the genetic analysis of this poorly understood organism.
Materials and Methods
Bacterial Strains, Media, and Growth Conditions. Standard conditions were used for growth of E. coli strains (28) . DH5␣ (Life Technologies, Gaithersburg, MD) and DH5␣͞pir (29) were from S. Maloy (University of Illinois, Urbana). The former was used as the host for most plasmids; the latter was used as the host for pir-dependent replicons. M. acetivorans C2A (ϭ DSM 2834) and Methanosarcina barkeri Fusaro (ϭ DSM 804) were from laboratory stocks. Methanosarcina strains were grown in single cell morphology (30) at 35°C in high salt broth medium containing 125 mM methanol plus 40 mM sodium acetate (high salt-MA medium) (31) . Growth of M. acetivorans on media solidified by addition of 1.5% agar was as described in ref. 30 with the modifications described in ref. 6 . All plating manipulations were carried out under strictly anaerobic conditions in an anaerobic glove box. Solid media plates were incubated in an intrachamber anaerobic incubator as described (32) . Puromycin was added to media as indicated at 2 g͞ml for selection of Methanosarcina strains carrying the pac gene. Fluoroacetic acid (FAA) or bromoethanesulfonic acid (BES) were added from sterile, anaerobic stock solutions for selection of mutants resistant to each compound. Final concentrations used were 50 mM FAA in high salt medium with 125 mM methanol and 10 mM sodium pyruvate, or 1.6 mM BES in high salt-MA medium.
DNA Methods. Standard methods were used throughout for isolation and manipulation of plasmid DNA from E. coli (33) . Genomic DNA isolation from M. acetivorans and DNA hybridizations were performed as described (6, 31) . Probes used for hybridization experiments were labeled with ␣-32 P-dATP using the Prime-a-Gene kit (Promega) according to specifications. DNA sequences were determined from doublestranded templates by automated dye terminator sequencing. DNA sequencing was performed at the W.M. Keck Center for Comparative and Functional Genomics, University of Illinois. Primers used for determination of transposon insertion junctions were: pJK5forI, 5Ј-GTATATTACGAATAGGGCG-3Ј, and pJK5revI, 5Ј-AGCTGCTGGTGAAAGAGAC-3Ј.
Transformations. E. coli strains were transformed by electroporation using an E. coli Gene Pulser (Bio-Rad) as recommended. Liposome-mediated transformation was used for Methanosarcina species as described in ref. (29) with the 1,240-bp PstI aph cassette of pUC4K (Amersham Pharmacia) after treatment of both fragments with DNA polymerase I Klenow fragment and deox ynucleoside triphosphates (dNTPs). Plasmid pJK5 was constructed by ligation of RcaIcut pJK4 into the NcoI site of pJK3 (8) .
Plasmids pWM366 and pWM367, which carry the minimariner elements mini-MAR366 and mini-MAR367, respectively, were constructed by ligation of the 2,969-bp KpnI to XbaI pac-ori-aph cassette of pJK5, made blunt by treatment with T4 DNA polymerase and dNTPs, into SmaI-cut pMini-mariner (34) . The two plasmids, and their respective mini-mariner elements, differ only with respect to the orientation of the cassette within the mariner inverted repeats.
Plasmids pWM368, pWM369, and pWM370 were constructed to allow expression of the Himar1 transposase (tnp) from promoters of varying strength in M. acetivorans. Each is a derivative of pMarNde18 (20) in which the natural Himar1 transposase promoter is replaced by a M. barkeri Fusaro promoter. In each plasmid, the tnp ATG start codon is fused directly to the ATG start codon of the Methanosarcina gene in question. Thus, both transcription and translation of the tnp gene are under the control of Methanosarcina regulatory elements. The promoter region of each gene was amplified from M. barkeri Fusaro genomic DNA by using Taq DNA polymerase and the primers indicated. The mcrB promoter (35) was amplified by using the primers 5Ј-CGCGCGTACG-CGTGCATGCT TA A A A A A ATACATA A AT TCA AT TA-TCGGAG-3Ј and 5Ј-CGCGCGTACGCGTCATATGAATT-TCCTCCTTAATTTATTAAAATCATTTTGG-3Ј; the orf2 promoter (31) was amplified with the primers 5Ј-CGCGCG-GCATGCGGATCACAGTCCT T TGA ATG-3Ј and 5Ј-CGCGCGCATATGCACCGACTCCTTGTTTAATGT3Ј, and the serC promoter (31) was amplified with the primers 5Ј-CGCGCGCATATGATCT T T TCCT T T T T TGGTACTG-3Ј and 5Ј-CGCGCGGCATGCGATC TCAACCACCTTTTT-TCC-3Ј. Each PCR product was digested with SphI and NdeI (restriction sites added to the PCR primers are shown in bold) and cloned into the same sites in pMarNdeI. Plasmids pWM368, pWM369, and pWM370 contain the mcrB, serC, and orf2 promoters, respectively.
A series of plasmids were constructed as suicide vectors for delivery of the mini-MAR elements and the modified tnp genes into M. acetivorans. To construct these plasmids the 3.2-kbp XbaI to SpeI fragment of pWM366 carrying the mini-MAR366 element was ligated into the XbaI site immediately upstream of the tnp gene in the plasmids pMarNdeI, pWM368, pWM369, and pWM370 to create pWM379, pWM381, pWM383, and pWM385, respectively. Plasmid pWM382 is identical to pWM381, but with mini-MAR366 in the opposite orientation. Plasmids pWM397 and pWM398 are identical to pWM381 and pWM382, but carry the mini-MAR367 element, isolated as a 3.2-kbp XbaI to SpeI fragment from pWM367, in place of mini-MAR366. Finally, four additional vectors, pJK57, pJK58, pJK59, and pJK60, are otherwise identical to plasmids pWM381, pWM382, pWM397, and pWM398, but carry two mutations of the tnp gene that result in higher transposition frequencies relative to wild-type transposase. These plasmids were constructed by replacement of the 810-bp EcoRV to PstI fragments within the tnp gene of pWM381, pWM382, pWM397, and pWM398 with the same fragment from plasmid pBADC9 (36) .
Nucleotide sequences of all plasmids described are available on request.
Results

Construction of a Himar1 mariner Transposon System for Use in M.
acetivorans. To allow its use in M. acetivorans, we modified the Himar1 element as described in Materials and Methods to provide an appropriate selectable marker and to allow expression of the Himar1 transposase gene. The structures of the modified minimariner elements, mini-MAR366 and mini-MAR367, are shown in we constructed a series of plasmids that place its expression under the control of promoters of varying strengths from the closely related organism M. barkeri Fusaro. The promoters we used were the highly expressed mcrB promoter (35), the moderately expressed serC promoter and the poorly expressed orf2 promoter (31) . A plasmid bearing the native Himar1 tnp promoter also was included (20) . Lastly, the mini-mariner elements and modified tnp genes were combined to create a series of suicide vectors for delivery of the transposons into M. acetivorans (Fig. 1B) . These delivery plasmids carry the pMB1 replicon and, thus, can be isolated in large quantities from E. coli; however, the plasmids do not replicate in M. acetivorans, nor do they carry any known sequences homologous to the chromosome of M. acetivorans. Therefore, Pur R clones obtained after transformation of M. acetivorans with a delivery plasmid should represent transposition events of the mini-mariner element into the M. acetivorans chromosome. We chose to construct our transposon system so that the transposase gene would not be included within the transposable element itself, but would instead be provided in cis immediately adjacent to a mini-mariner transposon. Transposon insertions obtained with the system should not contain the tnp gene and, thus, will be incapable of further transposase-mediated events. Therefore, these insertions should be stable even in the absence of continued antibiotic selection.
Transposition of mini-MAR Elements in M. acetivorans. Initially, the mini-mariner transposons were introduced into M. acetivorans by transformation with a series of the suicide delivery plasmids that differ only in the promoter used for expression of the tnp gene. In these experiments, hundreds of Pur R colonies were obtained after transformation with delivery plasmids that express tnp from the highly expressed mcrB promoter (Table 1) . Approximately 4-fold fewer Pur R colonies were obtained with plasmids that express tnp from either the orf2 or the serC promoter. Pur R colonies were never observed when tnp was expressed from its native Himar1 promoter (data not shown).
Because certain transposons display a preference for the relative orientation of the inverted repeats with respect to the transposase gene, we performed additional experiments with Fig. 1. (A) The physical structure of the modified mini-mariner transposon mini-MAR366. The left and right mariner inverted repeats (IR-L and IR-R) flank the pac gene, which encodes resistance to puromycin in Methanosarcina, the E. coli plasmid R6K origin of replication, and the aph gene, which encodes resistance to kanamycin in E. coli. Transcription of the pac gene in Methanosarcina is from the M. voltae methyl reductase operon promoter, pmcr. The transcription terminator tmcr is located immediately upstream of the aph gene. Mini-MAR367 (not shown) is identical to mini-MAR366, except that the region between the inverted repeats is in the opposite orientation. (B) The physical structure of the mini-mariner delivery plasmid pWM381. This plasmid replicates in E. coli by virtue of the high-copy plasmid pMB1 replicon, but cannot replicate in Methanosarcina. The gene encoding the mariner transposase, tnp, is expressed from the strongly transcribed pmcrB promoter of M. barkeri. Plasmids pWM379, pWM383, and pWM385 (not shown) are identical to pWM381, except that the pmcrB promoter is replaced by one of three alternate promoters, as described in Materials and Methods. Additional elements described in the text vary with respect to the orientation of the mini-MAR element; some carry mini-MAR367 in place of mini-MAR366.
delivery vectors that varied the relative orientation of plasmid elements ( Table 1 ). The delivery plasmids used for these experiments all expressed the tnp gene from the mcrB promoter because they showed the highest transformation frequencies in preliminary experiments. To examine the effect of the orientation of the insert within the transposable element we compared plasmids containing mini-MAR366 to mini-MAR367 (compare pWM381 with pWM397 or pWM382 with pWM398). To examine the effect of the orientation of each element with respect to the tnp gene we compared plasmids with each element inserted in opposite orientations (compare pWM381 with pWM382 or pWM397 with pWM398). No significant differences were observed, either with respect to the element used or to the orientation of each element with respect to tnp.
During the course of this study, hyperactive mutants of the Himar1 tnp gene were isolated (36) . Transformation of delivery plasmids that carry these hyperactive tnp mutations resulted in ca. 3-fold higher numbers of Pur R transformants than otherwise identical plasmids (compare plasmids pWM381, pWM382, pWM397, and pWM398 with pJK57, pJK58, pJK59, and pJK60). These increases are similar to those seen in in vitro transposition reactions using the mutant Tnp protein (36) . In previous studies, we have shown the transformation method used here gives an average of ca. 10 7 transformants͞g DNA using replicating plasmids (8) . Therefore, the transposition frequency in cells that receive these improved delivery vectors is ca. 2.5 ϫ 10 -5 (transposition frequency ϭ number of colonies obtained with the delivery vector͞number of colonies transformed).
To verify that the Pur R colonies obtained after transformation with the delivery plasmids had transposon insertions into the M. acetivorans chromosome we examined genomic DNA from 20 Pur R colonies by DNA hybridization. As shown in Fig. 2 , hybridization signals from each clone were seen when a probe homologous to the mini-MAR element was used; however, no signal was observed when a probe homologous to the delivery vector backbone was used. This indicates that the delivery vector was lost whereas the transposon was retained. Furthermore, the hybridizing bands seen with the mini-MAR probe were of various sizes indicating that the mini-MAR elements were inserted at different sites within the genome.
Cloning and DNA Sequence Analysis of mini-MAR Insertions. The mini-MAR elements were designed to allow facile cloning of transposon insertion sites as shown in Fig. 3 . Cloning of transposon insertions is accomplished by cutting genomic DNA from a transposon-induced mutant with an enzyme (such as EcoRI) that does not cut within the transposon. Subsequently, the digested DNA is treated with DNA ligase and introduced into pir ϩ E. coli, where it replicates as a plasmid. The junction sequences of the transposon insertions in these plasmids can easily be determined by using outward-directed, transposonspecific primers. Approximately 10 9 cells were transformed with 2 g of each of the indicated plasmids as described in Materials and Methods. All plasmids express the tnp gene from the strongly expressed M. barkeri Fusaro mcrB promoter. Plasmids pJK57, pJK58, pJK59, and pJK60 are identical to pWM381, pWM382, pWM397, and pWM398, respectively, except that each carries a hyperactive mutant derivative of the tnp gene. Orientation of the mini-MAR element is arbitrarily defined. The ϩ orientation has the right inverted repeat (IR-R) closer to the 5Ј end of the tnp gene. The Ϫ orientation has the left inverted repeat (IR-L) element closer to the 5Ј end of the tnp gene. * The numbers shown are the average and SD of at least four trials.
Fig. 2.
Verification of mini-MAR transposition by DNA hybridization. Genomic DNA from 20 Pur R colonies obtained by transformation of M. acetivorans with the delivery plasmid pWM381 was digested with EcoRI (which does not cut within the transposon), electrophoresed, and blotted onto nylon membranes as described in Materials and Methods. The membranes then were examined by hybridization with two probes, one specific for the transposon only (A), the other specific for the delivery vector backbone only (B). Each of the 20 transposon insertions was at a different site within the M. acetivorans genome as shown by the different-sized bands in A. None of the 20 insertions hybridized to the vector probe, indicating that the delivery plasmid backbone was lost in all cases (B). The plasmids that were used as probes also were included in the blot as positive controls for hybridization and as molecular weight markers. pBluescript SKϩ (2.9 kbp), which hybridizes only to the vector backbone, was used as a vector-specific probe (V), and pJK4 (1.6 kbp), which hybridizes only to the mini-MAR insert, was used as a transposonspecific probe (T). The 1-kbp ladder (Life Technologies) is shown by M, the hybridizing band in B is 1.6 kbp. Fig. 3 . Cloning of mini-MAR insertions. The chromosomal region (gray line) surrounding a mini-MAR insertion into genX (black line) can be cloned directly from genomic DNA by cutting with a restriction endonuclease that does not cut within the element (EcoRI for example), followed by ligation and transformation into a pir ϩ strain of E. coli where the circularized DNA is capable of replicating as a kanamycin-resistance plasmid.
We cloned and sequenced the mini-MAR insertion junctions with genomic DNA from each of the 20 clones used in the hybridization experiments described above ( Table 2) . Analysis of these DNA sequences indicates that each of the 20 insertions occurred at a different site within the M. acetivorans chromosome. In no case were sequences related to the delivery vector obtained, indicating that all insertions arose by transposition rather than by some form of illegitimate recombination. Further, each insertion examined occurred at a TA dinucleotide with duplication of two bases at each transposon junction. These features are seen in all mariner transposition sites identified to date (34) . Although the majority (12͞20) of the insertions were in genes with no previously identified homologs, eight of the insertions were in genes that were very similar to known genes ( Table 2 ). In six of eight of these cases, the strongest matches were to archaeal homologs. In two cases, the homologous gene has been identified in a closely related Methanosarcina species. In sum, these data clearly indicate that the mini-mariner elements are transposing in vivo in M. acetivorans C2A.
Use of Mini-MAR Elements to Isolate M. acetivorans Mutants Resistant
to BES and FAA. The coenzyme M (CoM) analog BES is a potent inhibitor of the enzyme methyl-CoM reductase that catalyzes the final step in methane production. In earlier studies, M. voltae strains incapable of either BES or CoM uptake were isolated as BES R mutants (37) . However, the mutated gene(s) in these strains were never identified. To demonstrate the utility of the mini-MAR transposons system in genetic analysis of M. acetivorans, we isolated transposon-induced BES R mutants and identified the disrupted genes by cloning and sequencing as described above. To do this, we screened several thousand mini-MAR-induced mutants selected as Pur R colonies by replica plating onto solid medium containing BES. We identified two BES R mutants that grow well in medium containing four times the minimal inhibitory concentration (MIC) of BES for wildtype M. acetivorans (the MIC is ca. 0.4 mM). Sequence analysis of the cloned insertions indicates these mutants have mini-MAR-366 insertions into an apparent operon encoding proteins with strong homology to a family of ABC transporters that includes known sulfate permeases (data not shown). We believe that this putative transporter is probably involved in the uptake of sulfur containing molecules such as sulfonates (CoM and BES) and͞or sulfate. In a similar way, we identified two mini-MAR-induced mutations that confer resistance to the toxic acetate analog FAA. The mutants carrying these insertions grow well in medium containing ca. five times the wild-type MIC for FAA. FAA R mutants have been isolated in numerous microorganisms. Commonly these mutations lie in the genes responsible for entry of acetate into central metabolism, namely pta (which encodes the enzyme phosphotransacetylase) and ack (which encodes the enzyme acetate kinase) (38) . Sequence analysis of the mini-MAR-induced FAA R M. acetivorans mutants indicates that both have insertions into the pta-ack operon of this organism (data not shown). Detailed studies of these mutants will be reported elsewhere.
Discussion
Development of genetic methods applicable to diverse organisms has not kept pace with the rapid development of molecular biological methods. Thus, we now are faced with numerous situations where microbial genomes have been completely sequenced for organisms in which few or no genetic methods exist. Examination of these genome sequences has led to predictions concerning the roles of various genes in the metabolism of the organisms where they are found. However, it is important to remember that these are only predictions. Experimental data on the function of these genes (i.e., genetics) will be absolutely required to test these predictions. Therefore, it is essential that genetic methods be developed for these diverse organisms.
We have been attempting to develop methods for genetic analysis for members of the archaeal genus Methanosarcina. A long-time goal of this research has been the development of selectable transposons for use in mutagenesis of this organism. In this study, we showed that the insect mariner-family transposon Himar1 could be modified to function in vivo in M. acetivorans. The elements we constructed transpose at relatively high frequencies, comparable to those of bacterial transposons (39, 40) . The transposons insert at essentially random loci in the genome, with the only target specificity being the absolute requirement for a TA dinucleotide at the insertion site that is seen for all mariner transposition events (34) . Further, we have demonstrated the utility of these mariner elements in genetic analysis of M. acetivorans by isolating loss-of-function mutations in a known catabolic gene and in a novel ABC family transporter. In addition to the mutations presented here, we have isolated numerous strains with mini-MAR-induced mutations that display clear phenotypes. For example, we have isolated a mutant resistant to toxic base analogs with an insertion into the hpt gene, encoding hypoxanthine phosphoribosyl transferase and several insertions that interfere with the cells ability to use methanol as a methanogenic substrate (data not shown).
The study presented here demonstrated in vivo transposition in just a single host species, M. acetivorans C2A; however, we believe the elements we developed may find widespread use in other archaeal species as well. In principal, the mini-MAR elements should be functional in any organism in which the promoters and selectable markers we used are functional. It is known that archaeal promoters can work in widely divergent species, and the pac gene we use here is functional in distantly related Methanococcus species (41) . (For comparison, the evolutionary distance between Methanosarcina and Methanococcus is roughly the same as between humans and slime molds.) Therefore, we believe that these mini-MAR elements The 20 mini-MAR insertions analyzed by DNA hybridization were cloned, and the junction sequences were determined as described in Fig. 3 . The DNA sequence adjacent to the mini-MAR element (typically ca. 300 -400 bp) were used to search the National Center for Biotechnology Information nonredundant protein database by using the BLASTX algorithm on 4/19/2000. Eight of the 20 clones returned homologous sequences with P values Ͻ 0.005. The best score for each of these is listed above along with the associated SwissProt accession numbers and BLASTX P values. * Disruption of these genes may reasonably be expected to be lethal; however, in these cases the insertion is adjacent to, but not within, the homologous gene.
and delivery vectors should be useful in other archaeal species for which high-efficiency transformation protocols are available. This belief has recently been confirmed by demonstration that they are functional in vivo in M. maripaludis (J. A. Leigh and W. B. Whitman, personal communications).
Although originally isolated in a eukaryote, the Himar1 transposon has been shown to function in vivo in bacteria (27) . Our finding that it can also function in Archaea extends the Himar1 host range to organisms in each of the three domains of life. This observation has profound implications with respect to horizontal gene transfer and evolution. Transposons are well known for their ability to catalyze various genetic rearrangements, including mobilization of genes for transfer to new loci. The finding that certain transposons are functional across such vast evolutionary distances suggests a mechanism for gene transfer across those same distances. In this regard, it is important to note that in our study we failed to observe transposition when the tnp gene was expressed from its native promoter. Thus, such horizontal transfer may be reduced considerably by the inability of promoters to function in diverse hosts.
